Abstract-Push-push design has proven to be an efficient way to extend the usable frequency range of active devices for oscillator applications. In this paper, the basic principles of push-push oscillator design are explained and 
I. INTRODUCTION

I
N RECENT years, millimeter-wave systems have become more and more interesting for low-cost applications. This development has mainly been driven by commercial applications, as mobile communications, sensors, etc. [1] . A fundamental precondition for system applications, however, is the realization of suitable signal sources [2] . Applying the push-push principle to oscillator design allows to extend the usable frequency range of active devices for signal-generating applications [3] - [5] and, thus, allows to make use of technologies with relative moderate maximum oscillation frequencies for millimeter-wave applications. This way of using the harmonic signal that is generated inherently in an oscillator has proven to be an efficient way to millimeter-wave oscillator design. In recent time, several push-push oscillators with oscillation frequencies far beyond 100 GHz have been published [4] , [6] , [7] . A triple-push concept has also been realized [8] . In addition, although this should be verified for different design approaches, there are hints that push-push oscillators may be realized with smaller dimensions and with a lower phase noise compared to solutions using fundamental oscillators combined with frequency multipliers [9] , [10] . A further advantage of push-push design is that, due to the separation of internal and external frequency, load pulling can be effectively suppressed by simple methods.
The drawback of push-push oscillators is, however, a more complicated design. The circuit principle usually requires a large-signal analysis to verify the odd-mode operation of the sub-circuits and the bias network has to be properly designed with respect to two critical frequencies.
In the following, the basic principle of push-push oscillators is first explained and some different possibilities of how the concept can be realized are then explained (Section II). Some details on the calculation of even-and odd-mode impedances are also given. Several experimental design studies to demonstrate push-push oscillator performance in the -band are discussed in this paper. As active devices, silicon-germanium HBTs (SiGe HBTs) are used. Due to the immense advances that have been made in SiGe technology during the last years, SiGe HBTs have become very promising devices for applications at microwave-and millimeter-wave frequencies [11] , [12] . Further details on the HBTs used in this study are given in Section III. Section IV deals with large-signal modeling of the active devices. Both an approach using a standard model, available in the public domain, as well as an approach using a customized large-signal model are described. In Sections V and VI, as already mentioned, various push-push oscillators are then discussed and experimental results are given.
II. PUSH-PUSH PRINCIPLE
In general, a push-push oscillator consists of two symmetric sub-circuits ( Fig. 1) [13] . Each of those sub-networks is designed to oscillate at half the output frequency of the overall circuit, i.e., at the frequency . The two signals are added in an appropriate output network to (3) If a phase difference of (4) at the fundamental frequency is enforced between and , the output signal becomes (5) where all odd harmonics, especially the fundamental signal, cancel themselves out, whereas the even harmonics are added constructively. Fig. 2 shows a qualitative sketch of this signal addition for the fundamental and first harmonic signal.
Proper design of the oscillator sub-circuits requires knowledge of the impedances provided by the connecting networks for the case of an odd-mode oscillation (and possibly also for the case of an unwanted even-mode oscillation) of the overall circuit. Methods to calculate these impedances are, for example, separating the circuit at the symmetry line and inserting virtual ground nodes for the odd mode and virtual open circuits for the even mode [14] or to perform ac simulations with coupled sources connected to the different ports of the circuit [32] .
There are various possibilities to assure the previously mentioned required phase difference of the two sub-circuits. One procedure is to enforce the phase difference using an appropriate phase-coupling network (Fig. 1 ). This can be, for example, double-sided microstrip resonators [15] - [18] or dielectric resonators (DRs) [14] , [19] , [20] , as well as appropriate transmission lines [13] , [4] . Another possibility is to design the impedances of the connecting output network in such a way that the conditions for oscillation are fulfilled for the odd-mode impedance only, but not for the even-mode impedance [4] , [6] , [10] , [21] , [22] . The phase-coupling network shown in Fig. 1 is obsolete in this case.
A somewhat different approach to design a push-push oscillator does not use two separate sub-circuits [7] . Instead, the two output signals and of a differential oscillator are combined (Fig. 3 ). This approach, however, will not be considered here.
In the following, we will focus on push-push oscillators using microstrip lines and DRs as phase-coupling networks.
III. TECHNOLOGY
For the oscillators that will be discussed below, two similar types of double-mesa SiGe HBTs are used as active devices. The HBTs have been fabricated at the DaimlerChrysler Research Center, Ulm, Germany [23] - [25] . The devices have two and six emitter fingers with active areas of together 16 m and 48 m , respectively. Approximate maximum values of and are 40 and 70 GHz for the smaller devices and 45 and 85 GHz for the larger ones. Fig. 4 shows a microphotograph of the six-finger device [26] .
The oscillators are fabricated in hybrid thin-film technology on alumina substrates. The HBTs are flip-chip bonded to minimize parasitic inductances and to improve symmetry of the overall circuit and, thus, suppression of the fundamental signal. Similar designs may be realized monolithically integrated on high-resistivity silicon substrates.
IV. LARGE-SIGNAL MODELING
Effective design of nonlinear circuits requires accurate largesignal models. Although some basic design steps can be done based on small-signal simulations, a lot of information can only be obtained from large-signal simulations. This includes, for example, output power and exact oscillation frequency. Information on the mode of oscillation of a push-push oscillator, i.e., even or odd mode, can also usually be obtained at best from large-signal simulations.
To obtain suitable models, two different approaches have been followed in this study. In a first step, model parameters have been extracted for a vertical bipolar integrated circuit (VBIC) model [27] , [28] . This model, which was proposed in 1995, is mainly based on the well-known SPICE Gummel-Poon (SGP) model [29] . However, several important changes and extensions to the SGP model allow to cover many important characteristics of modern devices. Due to its similarity to the SGP model, the VBIC model is well understood and widely accepted. A key advantage is that it has been implemented in many commercially available circuit simulation programs. Although the VBIC model was originally not intended to model SiGe HBTs, very satisfying results could be obtained for our purposes [30] . To describe the HBTs, the four-terminal model is reduced to a three-terminal version by choosing appropriate parameter values. A later model release now allows to directly choose between a three-and four-terminal version of the VBIC model. To deal with parasitic elements, the model is embedded into a network of parasitic capacitances, inductances, and conductances. Large-signal parameters are extracted from dc and bias-dependent -parameters. Special focus is also given on the modeling of temperature and self-heating effects.
To further improve modeling accuracy, in a more elaborate approach, a novel SiGe HBT large-signal model has been developed and model parameters have been extracted for the six-finger device [31] . As with most modern bipolar transistor models, this model is based on the SGP model. A complete description and a set of model equations can be found in [32] . Fig. 5 shows the equivalent circuit of the model, which consists of the fundamental transistor part, as well as sub-circuits to model self-heating and excess phase behavior [28] .
Similar to the Gummel-Poon model, the transport current (6) is connected to the stored charge . To take into account the different effective band-gap values of HBTs, however, a generalized version of the integral charge control relation [33] is used to calculate . The term 
models charges stored due to normal forward operation, high-level injection, and the Kirk effect. The coefficients , , , and have been introduced similar to the HICUM model [34] . Additionally, an empirical smoothing function (9) which defaults to , has been introduced to facilitate dc modeling at low collector-emitter voltages. The forward charge components are calculated according to the model proposed by Schroeter and Lee [35] . The base and collector contributions are separated empirically. Due to the dependence of the charges on the collector current, an explicit solution for the transport current (as, for example, in the SGP model) cannot be given. However, as a tradeoff to the very well-suited transit time formulation, an implicit calculation of the transport current can easily be accepted. According to the charge model that has been implemented, as a first quantity, the bias-dependent transit times have to be modeled, followed by the extraction of the dc parameters. A real verification of the charge model, i.e., a comparison of calculated transit frequencies or -parameters to measured values, is only possible after the complete extraction of dc model parameters has been finished. Therefore, any refinement of the transit time parameters results in a large iteration loop for the parameter extraction. To overcome this difficulty, additional model parameters are introduced to fine tune the transit time model without changing the yet determined dc model. These parameters are again optional and can easily be omitted.
The base currents, both in the forward, as well as reverse direction, consist of ideal and nonideal portions. Each of them is modeled using a separate saturation current and emission coefficient. At high currents, the electrical behavior of the devices is dominated by the Kirk effect. Due to the second band-gap discontinuity, this effect is especially pronounced in double HBTs (DHBTs) (as, for example, in SiGe HBTs) [36] . In addition to a strong decrease of the transit frequency due to the stored charge, a severe increase of the base current can be observed. This is addressed by an additional current contribution (10) that is directly correlated to the stored charge due to the Kirk effect. The function is defined in analogy to (9) and is again used to facilitate the modeling procedure. Using the default parameter values, i.e., , almost identical modeling results can be achieved. However, some more effort then has to be spent on parameter extraction. The junction capacitances are modeled according to the standard SPICE formulation [29] using a linear approximation for voltages . The base-collector capacitance is separated into the internal and external portions and , respectively (Fig. 5) . The temperature dependencies of the model are implemented similar to the VBIC model [28] . The different saturation currents are modeled according to (11) with individual band-gap values for the different materials of the various transistor regions. Fig. 6 shows a comparison of a measured and simulated output characteristic at room temperature. An excellent fit over the entire range of bias conditions has been achieved. From the part with a negative slope of the current with respect to the voltage, it can be seen that the self-heating behavior is also modeled properly. Accurate temperature dependence has been verified up to 110 C. Measurements with a forced base-emitter voltage show a positive electrothermal feedback instead of the negative feedback of Fig. 6 . This property is also well modeled. The same holds for forward and reverse Gummel plots, as well as the output conductance of the devices.
Finally, the ac model is verified by the excellent agreement of measured and simulated transit frequencies (Fig. 7) and -parameters (Fig. 8) over the entire range of bias conditions. More details on the large-signal model, as well on parameter extraction are given in [31] and [32] .
Both of the above-described active device-modeling approaches have been successfully used for circuit designs. The most accurate results with respect to an agreement of simulated and measured data, however, have been achieved using the novel large-signal model. 
V. MICROSTRIP RESONATOR OSCILLATORS
Various oscillators have been built using microstrip transmission lines as phase-coupling networks. In the following, two of those oscillators will be explained in detail and key performance data will be compared to published oscillator data (see Table I ).
The design of the circuits was performed using a commercial microwave design tool. We found out, however, that the simulated frequency response of the provided models for passive elements (as, for example, transmission lines and open stubs) is not precise enough to predict the oscillation frequency with satisfying accuracy. Therefore, during the design process, the frequency response of the passive parts of the layout had to be calculated using a two-dimensional (2-D) field solver (HP Momentum). The excellent agreement of measured oscillator frequencies with simulation results using this approach has been proven by several designs. Since this is a quite time-consuming process, especially at very high frequencies, a mixed design Fig. 9 . Layout of a 57-GHz SiGe HBT push-push oscillator. strategy using both the provided models, as well as full-wave analysis was performed. Simulation of output power is more difficult. The results also vary considerably between simulations using microstrip models and simulations using the results of full-wave analysis to calculate the frequency response of the passive components. In this case, however, a general decision, which type of simulation has to be used, cannot be given. During the design process, the actual simulation results were, therefore, assumed to be somewhere in between the results given by the different treatments of the passive circuit components. Fig. 9 shows the layout of a 57-GHz oscillator [37] . The circuit is fabricated on a 5-mil alumina substrate using the previously described six-finger devices.
To add the two internal signals, a Wilkinson combiner is designed for operation at . The output signal is decoupled from the internal oscillator via a beam-lead capacitor. Stub elements designed for 28.5 and 57 GHz, respectively, as well as microstrip transmission-line elements are used to provide the required impedances to the active devices and to decouple the bias feed lines. The correct phase difference between the sub-circuits is enforced by a properly designed microstrip line. First, the electrical length of this line is adjusted to fulfill the overall oscillation condition based on a small-signal analysis. A large-signal analysis is then performed to check for the mode of oscillation. Finally, varying the length of this connecting transmission line by at will shift the oscillator from even to odd mode and vice versa.
A typical measured output spectrum is shown in Fig. 10 . According to the selected bias point of the transistors, the oscillation frequency varies between approximately 57.1 and 57.3 GHz (Fig. 11) . It can be seen, however, that the dependency of the oscillation frequency on variations of the bias conditions can be minimized by choosing an operating point at a high collector-emitter voltage. The dependency of the output power on the operating point of the transistors is shown in Fig. 12 . For maximum output power of the oscillator, an optimum collector current is approximately mA (20 mA through each device). Additionally, the output power of the oscillator is then nearly constant with respect to variations of the collector-emitter voltage. For optimum phase noise, a high collector-emitter voltage should be chosen (Fig. 13) . Although measured noise data itself is quite noisy, it can clearly be seen that phase noise decreases as the voltage is increased. The single value of 108 dBc/Hz at 4 V/40 mA is assumed to be a measurement inaccuracy. Summarizing the results of Figs. 11-13 , the optimum performance of this oscillator is achieved at an operating point of -V and mA. An output power of approximately 1 dBm and an oscillation frequency of 57.25 GHz are measured. The single-sideband phase noise at an offset frequency of 1 MHz is approximately 106 dBc/Hz. Suppression of the fundamental 28.6-GHz signal is 19 dBc. Fig. 14 shows the layout of another oscillator. The circuit is again fabricated on a 5-mil alumina substrate and the transistor chips are flip-chip bonded to minimize bonding inductances. Stub elements are connected to the base terminals of the devices to increase instability. The phase coupling of 180 at is maintained by a microstrip transmission line connecting the collector terminals of the two transistors. To find the correct length of this line, a similar procedure is applied as described for the oscillator above. The respective output signals are again added in a Wilkinson combiner that is optimized for operation at 58 GHz. Finally, the output signal is decoupled via a beam-lead blocking capacitor. The lines for the bias supply voltages are decoupled by properly positioned stub elements. The operation point of the devices is adjusted using thin-film resistors.
Whereas in this oscillator the collector terminals of the active devices are connected to maintain the required phase difference, in the previously described circuit, the emitter terminals have been connected. For both approaches, the design procedure, as well as the achieved results are similar. Therefore, both topologies may be used and a general decision to prefer one or the other cannot be given.
Via a microstrip coupler, which is added to the phasecoupling network, a portion of the internal 29-GHz signal is coupled out and fed to a second output of the circuit. Future voltage-controlled-oscillator designs may use such an additional output signal at half the frequency of the overall circuit as a reference signal for a phase locked loop (PLL). As a result, the first frequency divider of the PLL can be omitted, allowing a significant simplification of the overall circuit [10] . The fourth terminal of the directional coupler is terminated with a 50-resistor. The required ground is provided by a -stub. According to the topology described above, several oscillator circuits have been fabricated and characterized [38] . Measured oscillation frequencies are between 58.04-58.4 GHz, which agrees very well with the simulated frequency of 58.2 GHz. Output power of the oscillators is from 2 to 1 dBm. As already mentioned above, simulated output power levels vary considerably depending on the type of passive models that are used. The simulated range from 2 to 6 dBm, however, agrees quite well with measured results. Suppression of the fundamental signal at the 58-GHz output is measured to be between 17-27 dBc. Simultaneously, the spectrum at the 29-GHz output is observed. Measured power is between 2.7-0 dBm with a suppression of the first harmonic signal between 17.3-26.7 dBc. The difference between these values is caused by varying unsymmetries of the half-circuits due to tolerances in the fabrication of the devices, substrates, and manually attached bonding bumps.
It can be observed that a change in the terminating impedance of any of the two outputs has virtually no influence on the oscillation frequency. This means that, due to the separation of operating frequency and output frequency , load pulling is effectively suppressed by an appropriate design of the output network. At offset frequencies of 100 kHz and 1 MHz, a single-sideband phase noise of 83 and 108 dBc/Hz has been measured (Fig. 15) . The phase noise at the 29-GHz output is approximately 4-5 dB below these values.
VI. DR OSCILLATORS
Another approach to assure the required phase difference between the sub-circuits of a push-push oscillator is to use a DR. Its magnetic field at the fundamental resonance shows a radial symmetry. Therefore, two transmission lines at two opposite sides of the resonator are coupled with equal magnitude and opposite sign, i.e., with exactly the required phase difference [14] , [39] .
For the computer-aided design (CAD) of the oscillator, a model of the resonator is required that reflects the odd coupling of the two microstrip lines [40] . Therefore, the RLC-equivalent circuit of the resonator is extended with two ideal transformers with response ratios of 1 : N and 1 : N, respectively (Fig. 16) . Since the transformers are only used to reflect the odd coupling of the two lines, a value of is assumed. Fig. 17 shows the layout of the entire oscillator circuit. On the left-hand side, a beam-lead capacitor is used to decouple the output line from the active circuitry. A modified rat-race coupler is then used as a power combiner (Fig. 18 ). This element is designed to have high transmission and from the inputs to the output at 58 GHz. Additionally, it must be symmetric with respect to the two inputs in order to maintain symmetry of the two oscillator half-circuits. As a result, the fourth input of a typical rat-race coupler is omitted. This type of combiner shows slightly higher transmission compared to a Wilkinson combiner and is, therefore, preferred for our application. Additional stubs at the internal output lines of the oscillator are used to improve isolation at 29 GHz. The resonator is coupled to the two transmission lines on the right-hand side of Fig. 17 . The lines are terminated with 50-loads to avoid parasitic reflections. The ground of these resistors is provided by stubs at 29 GHz. At 58 GHz, the lines are then effectively terminated with open circuits, and the power at 58 GHz is reflected. The third terminal of the transistors, in this configuration the base terminal, is connected to open transmission lines to add positive feedback, i.e., to increase instability of the devices. Finally, the bias network mainly uses 58-GHz stubs and proper positioning of the bias lines to decouple dc and ac signals.
Several microstrip oscillator circuits were fabricated in thin-film technology on 10-mil alumina substrates using the smaller two-finger devices. The oscillation frequency is approximately 57.4 GHz with a mechanical tuning range of approximately 500 MHz, i.e., from 57.4 to 57.9 GHz. As expected, a dependence of the output power at 58 GHz on the length of the transmission line between the resonator and terminating 50-resistors was found. A maximum power of 8 dBm was achieved with a phase noise of 105 dBc/Hz at an offset frequency of 1 MHz. Experimentally, we found a tradeoff for circuit optimization between output power and phase noise. With a slightly different line length, resulting in a moderate output power level of approximately 14 dBm, we measured a single-sideband phase noise of 86 and 112 dBc/Hz at offset frequencies of 100 kHz and 1 MHz, respectively. Suppression of the fundamental signal at 29 GHz was simultaneously measured to be 17 dBc. For a comparison of the performance of these oscillators to the results of the circuits presented in Section V, it should be noted that different types of transistors were used. This influences both output power and phase-noise performance. Tables I and II show a comparison of key performance data of the presented oscillators to the data of published oscillators at comparable frequencies. The SiGe HBT oscillators of this study, using laboratory samples of the active devices, compare well to the data of oscillators based on GaAs and InP devices.
VII. CONCLUSIONS
The application of the push-push principle to oscillator design allows to extend the usable frequency range of active devices for signal-generating applications. This concept, which makes use of the harmonic signal generated within the oscillator circuit, has been explained and various possibilities of realization have been summarized. SiGe HBTs have been used for design and fabrication of sample oscillators. Details on large-signal modeling of the active devices have been given. Best modeling results have been achieved using a customized large-signal model based on the Gummel-Poon model and including various second-order effects of modern semiconductor devices. Experimental results of both microstrip resonator oscillators, as well as DR oscillators at 57 and 58 GHz have been given. Measured data compares well to the data of published oscillators at similar frequencies.
